In this paper, we present new tools and results devel This approximation method has been carefully validated.
Introduction
Since its invention [1] , Atomic Force Microscopes (AFM) have became very powerful tools for specimen imaging and nanomanipulation. But these devices suffer from relatively low speed of operation, and from low relia bility of their measures. So, modeling and model-based op timization or filtering constitute a relevant issue to improve their performances. Now, a number of research laboratories are developing large arrays of AFMs, as this represented in Fig. 1 , that achieve a same task in parallel, and improve operation speed. One of the design problems encountered in such systems comes from global effects namely from deformation of the common base mainly in static regime, and from cross-talk between cantilevers in dynamic regime.
For model-based optimization or filtering, the full device must be represented by a single model. To prevent pro hibitive computation time, in a previous work, we intro duced a two-scale model yielding fast simulations. Now, we present our results related to parameter optimization, and to Hoo filtering problem for real-time control of AFMs, both being based on our two-scale model.
Our simplified two-scale model has been introduced in [2] , and its derivation is detailed in a submitted paper. It is rigorously justified thanks to an adaptation of the two scale approximation method introduced in [3] , and to fur- ther results in [4] . Its main advantage is that it requires little computing effort, and that it is reasonably precise for large arrays. A first investigation for real-time vibration control of a one-dimensional cantilever array has been car ried out in the Linear Quadratic Regulation (LQR) frame work. In view of real-time control applications, we have derived a Semi-Decentralized Approximation of the con troller based on functional calculus, and formulated its re alization through a Periodic Network of Resistors, see [5] .
This approximation method has been carefully validated.
In this paper we focus on the filtering problem or state estimation. In the past decade, a number of linear filter ing techniques have been developed for finite or infinite dimensional systems. In this paper, we formulate a model based Hoo filtering problem for an AFM array in a classi cal way but applied to an infinite dimensional system. The objective is to estimate the displacement in base though ob serving the displacement in cantilevers. We formulate the theoretical framework of functional calculus for computing the estimator in a semi-decentralized manner as in [5] . The numerical results are drawn from this formulation but ob tained more directly using a modal decomposition instead of using the full framework of semi-decentralized approxi mation.
Regarding sensing, in some AFM arrays, the deflection of cantilever was measured by piezoresistive sensor inte grated in the cantilever. In the paper [6] , a cantilever arrays equipped with piezoresistive sensors have been demon-strated in liquid environment. However, this approach suf fers from the complexity of the microfabrication process of implementing the sensor in the cantilever. Additionally, the signal to noise ratio of piezoresistive arrays is limited due to the sensor noise. An interferometric readout method with imaging optics is provided in [7] . This approach does not suffer from optical cross-talk since the laser light reflected from one point on the cantilever is collected by only one pixel of the detector, and this independently of the direc tion the laser beam is reflected from the point. However, interferometry data processing requires heavy computation which represents a barrier to rapid operation. In order to FPGA implementation we study their quantization. This paper is organized as follows. We state the sim ple two-scale model and its reformulation in Section 2 .. Section 3. contains the robust parameter optimization. The measurement by interferometry is introduced in Section 4.
and is followed by a quantization analysis of its algorithm. We consider a one-dimensional cantilever array com prised of an elastic base, and a number of clamped elas tic cantilevers with free end equipped with rigid tips, see Fig. 2 . Assuming that the number of cantilevers is suf ficiently large, a homogenized model was derived using a two-scale approximation method. This principle is ex ploited in the detailed paper [4] devoted to static regime.
The corresponding model extended to dynamic regime is introduced in the letter [2] . Both papers were written in view of AFM application. 
at junctions between elastic parts and rigid parts. Here, J R is a matrix of moments and h is a point load at the tip apex located at Y2 = y� i P in the microscale domain.
Base/Cantilever Displacement Decomposition
We introduce the extension Y c--+ u(., y) of the restric tion Y c--+ Ulbase (., y) the displacement in base (which is in fact independent of y) to the values taken by y in can tilevers. So, u is defined in the whole two-scale domain and we can define its difference with u, U = u -U, also defined in the whole domain. In the base, it is obvious that U = 0 and Vyu = 0 since u is independent of y. We formulate the equations satisfied by the couple (u, u),
In practice we will work on a model reduced at the mi croscopic scale through modal decompositions on can 
where ¢k = Io L e cPk dY2 and cPk(Y2) = C{Jk(Y2/L c ). The eigenelements ( Ak,C{Jk)kEN are solutions to the eigenvalue problem, posed in (0,1),
The Robust Parameter Optimization Toolbox
The parameters of the array, such as the length, spring constant and deflection angle of the cantilevers, footprint of the array, must satisfy requirements for good operation. Thanks to a recent development design decision making tools, we can perform sensitivity, multi-objective optimiza tion, as well as uncertainty quantification and robustness analysis. The objective of these tools is to support the an alyst in specifying an AFM array design which meets the performance requirements in the presence of uncertainty due to both manufacturing tolerances and lack of knowl edge in the modeling process. In this paper, we illustrate a design optimization problem for a one-dimensional array of cantilevers, see Fig. 3 . The array is designed to make F _Gap the gap between two cantilevers and F _Gapeell the ratio of the void part to the area of each cell as large as possible, the static displacement at tip apexes at base F _B ase as small as possible. The static cantilever deflec tion angle should be smaller than three degrees. The pa rameters F _Gap and F _Gapeell must be more than half of the cantilever width and 0.4 respectively. In Fig. 4, we present the evolution of the objectives and constraints based on the mono-objective analysis. It is shown that the objectives are minimized and all the constraints are nega tive. Fig. 5 shows the Pareto plot for the two objective functions F _Gap and F _Gapeell based on Monte-Carlo sampling. A best design is achieved , the compromise of the two objectives has to be considered. The setup of the measurement scheme is an interfero metric system. It is sensitive to the optical path difference induced by the vertical displacements of cantilevers, see Fig. 6 .
In each cantilever, we neglect the variations of Figure 9 represents the percentage errors between the phases provided by the algorithm using float ing point numbers and the one using integer numbers based on a 28 scaling factor. Experiments are reported for three periods 1 E {6, 4.5, 3} and for phases varying between ° and �.
Static State Estimation
We provide the mean to estimate base displacements from interferometric measurements in cantilevers using our two-scale model in the static operating regime. The latter is derived by eliminating the time terms from the elasto dynamics model, presented in Section 2 .. We assume that there is no body load i.e. p C = ° which yields the analyti cal solution
where y� i P is the tip position. We require two measures along two parallel lines Y2 = yg . 1 and Y2 = yg . 2 corre- 6. Robust Filtering
Filtering Problem Statement
For the filtering problem in AFM array application we take into account unknown noise associated to interfer ometry measurements as well as other noise sources as air or liquid environment, thermal effect, electromagnetic noise. To deal with these uncertainties, we uses an H 00 theory which is based on the worst case approach. We
The perturbations in the state system being denoted by where the filter gain is K = PCN * .
Functional Calculus Based Approximation
This subsection is devoted to apply the approximation method introduced in [8] and [9] . We denote by A, 
En dowing 1-l, W 1 , Y and Z with the inner prod ucts (z , z ') f-{ = (<I>I/ z ,<I>I/ z ')x2N+2' ( W,W' ) W I = (<I>� w ,<I>�W')XN+ I ' (y,y')y = (<I> y 1y , <I> y 1y') X and (£, £')z = ( <I>Z l £, <I>Z l f') x, we find the subsequent factor ization of the filter gain Kin (7) which plays a central role in the approximation. The approximation of the functions of A is detailed in [5] . and from the relation (y, y')y = ( <I>y 1 y, <I>y 1 y') x which implies that 1 = ( <I>Y h, l C 1,1 ( A) A -�. The expression of <I>y follows. Choosing <I>w is straightforward.
An Illustrative Example
We present the numerical results of the H= filter ing problem for a silicon array comprised of 10 elas tic cantilevers.
The base dimensions are LE x l E X hE = 500,Lm x 16.7fLm x 10fLm, and those of can tilevers are Le x I e x he = 25Wn x lOfLm x 1.25fL17L
The other model parameters are the bending coefficient ison between the displacement and the estimated displace ment in base is presented in Fig. 10 (a) and the estimation error is described in in Fig. 10 (b) . provides to a designer to achieve design objectives satisfy ing design requirements.
